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By Adelbert 0. Tischler and Donald R. Bellrnan 

Results of experimental measurements of low-frequency conibustion 
ins tab i l i ty  of a 300-pound thrust acid-hepfxne rocket  engine were,com- 
pared t o  the  trends  predicted by an  analysis of combustion ins tab i l i ty  
i n  a rocket  engine  with a pressurized-gas  propellant pumping system. 
The simplified  analygis, w h i c h  assumes a monopropellant model, w a s  based 
on the concept of a combustion t h e  delay  occurring from the moment of 
propellant  injection t o  the moment of propellant canibustlm. This com- 
bustion t h e  delay w a s  experimentally measured; the experimental  values 
were of approximately half the magnitude predicted by the  analysis. 
The pressure-fluctuation  frequency f o r  a rocket  engine  with a character- 
is t ic   length of 100 inches and operated at a cmbustion-chamber pressure 
of 280 pounds per square  inch absolute was 38 cycles  per second; the 
analysis  indicated. a frequency of 37 cycles  per second. Increasing 
conibustion-chamber characteristic lengkh  decreased  the  presaure- 
fluctuation frequency, in conformity to the  analysis.  Increasing  the 
chamber operating  pressure or increasing  the  injector  pressure drop 
increased  the frequency. These l a t t e r  two effects  are  contrary t o  the 
analysis;  the  discrepancies  are  attributed t o  the  conflict between the 
assumptions =de t o  simplify  the  analysis and the experimental condi- 
tions. Oxidant-fuel r a t i o  had no apparent effect  on the experimentally 
measured pressure-fluctuation frequency f o r  acid-heptane ra t ios  from 
3.0 t o  7.0. The frequencies  decreased  with  increased  amglitude of the 
canbustion-chamber pressure  variations. The analysis  indicated that i f  
the conibustion time delay were sufficiently  short ,  low-frequency combus- 
t ion   ins tab i l i ty  would be  eliminated. 

Development of rocket engines f o r  f l i gh t  propulsion has disclosed 
combustion ins tab i l i t i es  which often  result  in  destruction of the  rocket 
engine by s t ress   fa i lure  or burnout of t he  conibustion chaniber. A 
cyclical low-frequency type of ins tab i l i ty  which exhibits chamber pres- 
sure and nozzle f l o w  or  thrust  fluctuations i n  the  frequency  range from 
10 t o  200 cycles per second is called chugging (reference I). This  type 
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of ins tabi l i ty  may reduce specific  Inpulse and is believed t o  be accom- 
panied by changes in colnbustim efficiency. High-speed photographs of a 

t h i s  type of ins tab i l i ty  are sham in reference 2. A higher-frequency 
mode  of instabil i ty,  which manifests .itself i n  greatly  increased  heat- 
transfer rates in  the  rocket canibustion chamber and which generally 
r e su l t s   i n  chEaznber burnouts, is  called screaming (reference 3). Other 
types of combustion ins tab i l i ty  have also been reported at a symposium 
on liquid  rocket instability a t   t he  Naval Research  Laboratory, Wash- 
ington, D.C., on  December 7 and 8, 1950. Whether these combustion 
instabil i t ies  are  aist inctly  separate o r  are  related phenomena in  dif-  
ferent frequency  ranges  has  not been definitely  established because the 
origin and nature of the- instabi l i t ies   are  unknown. 
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Chugging has been postulated t o  be a resul t  of out-of-phase cou- 
pling between the combustion-chamber pressure and the   f luid flow in the 
propellant feed syetem. Analyses of the chugging phenomenon in  a rocket 
engine with a pressurized-gas  propellant  pmping system have been -de 
on this  basis. The significance of the   ra t io  of feed-line  pressure drop 
to  the  absolute chamber pressure i n  determining whether chugging c m  
occur i s  discussed in  reference 4.  The s t ab i l i t y  range of operation af 
a rocket  engine i s  furtiher  defined i n  reference 5. This analysis b 

derived  the following expression as a limit of stable  rocket operation: 

- 

where 

( A P ) ~ ~  crit ical   pressure drop in propellant  feed system a t  which 
chugging can  occur 

PC absolute  rocket combustion-chamber pressure 

t C  combustion-chamber time  constant  equal t o  twice characteristic 
length  divided  by  characteristic exhaust velocity 

t 0  period of oscillations, seconds per  radian 

The accelerations of f luid masses in  the  propellant feed l ines  during 
transients were neglected. 

A totally  different  explanation of chugging, based on the premise 
that cmbustion  instability must at tune  i tself   to   the resonant fre- 
quency of the combustion-chaniber cavity, i s  advanced. in reference 6. An 
equation for the frequency f of the chugging oscil lation for the 
fundamental mode  of the chamber vibration i s  given i n  reference 6. 
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y r a t io  of specific  heats of gas i n  rocket chasiber . 

c* characteristic exhaust velocity  defined as effective exhaust 
velocity  divided by nozzle-thrust  coefficient 

L* characteristic  length  defined as volume of rocket combustion 
chamber divided  by  nozzle-throat  area 

Comparison of experimental resul ts  with the  frequency  predicted by this 
equation  indicates good agreement. The chugging frequency is  considered 
independent of the  propellant  feed  line and the  injector system with 
the exception of certain types of injectors which may cau8e complex 
modes of resonant instabi l i ty  i n  the chaniber. 

Early analyses of chugging did  not  readily show the effects on the 
chugging characteristics of a rocket  engine of  varying the  rocket  design 
and operating p-ters. Reference 6, however, indicates  the  effect  011 
the chugging frequency of varying characterietic  length and characteris- 
t i c  exhaust velocity. 

In order t o  gain insight into the  effects of rocket design and 
operating  parameters on chugging characteristics, a brief  series of 
experiments with a 300-paund thrust acid-heptane  rocket with a 
pressurized-gas  propellant punping system was conducted at the UCA 
L e w i s  Laboratory. In  addition, a simplified analysis m s  made of the 
chugging ins tab i l i ty  of a monopropellant rocket engine. This analysis, 
completed i n  1949, was based on the premise that chugging i s  caused by 
an out-of-phase  coupling between the   f lu id  f low of the  propellant  feed 
system and the cambustion process in the  rocket chaniber. The experi- 
mental resul ts  of varying  operating and design  parameters were ccrmpared 
to the trends  predicted by the analysis. The time delay between pro- 
pellant  injection and combustion, which was postulated in the analytical 
development, was experimentally measured , and the  effects-  of varying 
chamber characteristic length, rocket canbustion-chaniber pressure, 
injection  velocity, and oxidant-fuel r a t i o  on the chugging frequencies 
were experimentally  investigated. The resu l t s  of the  experimental  in- 
vestigation, which are  campared with  the  analytically  predicted  trends, 
are  presented  in  the appendix. 
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ANllLYSIS OF LOW-FKE&UENCY CMBUSTION V I 6 W I O N S  
I 

!!The analysis i s  based on the concept of an  out-of-phase  coupling 
between the  propellant f low and the  rocket combustion-chaniber pressure. 
This  concept can be  i l lustrated by considering  the  simplified mono- 
propellant  rocket  engine shown i n  figure 1. A pressurized g a s  i s  used 
t o  ,pump the  l iquid monopropellant. Under steady-flow  conditions  the 
confbustion-chamber pressure i s  established by the gas pressure i n  the 
propellant  tank,  the  pressure drop in  the  propellant  feed system  and 
across  the  injector  orifices, and the  pressure drop across  the  rocket 
exhaust nozzle. If the conibustion-chamber pressure i s  momentarily 
lowered an increase  in  propellant  flow w i l l  occur which w i l l  tend t o  
re-establish  equilibrium  conditions. The r i s e  In propellant  flow, how- 
ever, w i l l  not  occur  simultaneously w&th the  drop of cbmiber pressure 
because of iner t ia  of the   f lu id  i n  the  propellant  feed  line. This delay 
i s  hereinafter  called  the  inertia time lag. The delayed  propellant-flow 
increase results in  an increased cambustion r a t e   a f t e r  a second si&- 
f icant  time delay due to   inject ion,  impingement, mixing, vaporizing, . 
preignition  reactions,  ignition, and canibustion. This second time  delay 
is  called  the combustion time  delay. Because 09 the  necessity of 
charging  the chmiber volume with  gas,  the  increased combustion r a t e  
resu l t s   in  corresponding  increased  pressure only a f t e r  a th i rd  time 
delay, which will be called the  charging t h e  lag. k i n g  these  time 
delays,  an  excess of propellant  enters  the chamber. Therefore, when the 
pressure does r i s e  it exceeds the  value  necessary t o  restore  equilibrium 
operating  conditions. !The high pressure  eventually  causes  the  propellant 
flow t o  drop below normal, with a subsequent  lowering of chauiber pres- 
sure. Thus i n  the absence of sufficient clamping a cycling  condition of 
propellant flow and combustion-chaniber pressure can become established. 

The analysis  ylelds art expression of the  following form ( a l l  sym- 
bols  are  defined  in appendix B) 

The solution of t h i s  expression f o r  stable chugging operation can 
be  found i n  two simulteneous, equations: 

-h + c + c o s w B = o  2 

Bu, - s i n &  = 0 

M 
Tfl cu 
Eu 

The  two simultaneous  equations yield unique  soluticjns f o r  the com- 
bustion  time delay 8 and the  cycling  frequency u1 i n  terms of the 
constants A, B, and C, which are  dependent on the  rocket-engine 
configmation and operating  conditions. The values of 8 and cu 
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represent  the minimum combustion time  delay which w i l l  permit the 

frequency; t ha t  is, these  solutions  represent  the  condition a t  which 
the amplitude of the  chugging oscillations w i l l  be  neither  amplified nor 
damped. Chugging with  longer ccaribustion time delays a t  lower cycling 
frequencies is possible,  but i n   t h f s  case  the chugging amplitude theo- 
re t ica l ly  will increase  with each cycle, and the  equatims of the 
analysis will no longer  apply. If the  cmbustion time delay i s  less  

. rocket engine t o  sustain chugging and the correspondtng maxfmum chugging 

Lu than  the  cri t ical  value, any disturbance in  the  pressure or f low will 
Lu be damped and will soon die out. 
IP w 

The analytical equations  describe a "feedhack" loop circui t .  
Because the combustion time delay was assumed constant  the ''gain" or 
amplification of the  loop i s  accomplished by a proper  phase relat ion 
between f low and pressure change. Amplification o r  gain by other 
processes is  not considered. 

" The analysis does not provide m e a n s  for  predicting  experimental 

# c r i t i c a l  conibustion time delay which w i l l  permit chugging and the  indi- 
combustion time  delays; i t s  value l i e s  in the determination of the 

cation of the probable effects on the  cri t ical   cmbustion time  delay of 
changing rocket  design and operating  parameters. 

Complete derivation of the  analytical  equations,  the assumptions 
on which the  analysis i s  based, and the  chugging trends  predicted  for 
an acid-heptane  rocket f o r  a typical range of rocket  design and  opera- 
ting conditions are given i n  appendix A. 

Apparatus and Instrumentation 

c 

. 

The rocket  engine  used for   the experimental  investigation of chug- 
ging was a 300-pound thrust  uncooled rocket  with  white fuming n i t r i c  
acid and commercialn-heptane as propellants. Two rocket chambers  were 
used; one with a &ctsrist ic  length of 100 inches and the other with 
a characteristic  length of 200 inches. The internal diameter of both 
chambers was four inches. The injector comprised four pairs of 
heptane-on-acid  impinging-type jets.  Several  sets of orifices of dif-  
ferent  orifice diameters with  acid and fue l   o r i f ices  matched so REI t o  
maintain an approximately  equal r a t i o  of ac id   idec tor   o r i f ice  area t o  
heptane or i f ice  area were  emgloyed. 

The rocket Fnstalla;t;ion, which i s  shown diagr"t€caUy i n  f ig-  
ure 2, used  high-pressure hel-ium t o  pump the  acid and heptane t o  the 
rocket chmiber. Ignition was accomplished by f i l l i ng   t he  heptane feed 
l i ne  with  furfuryl  alcohol  before firing. 
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Ins tmen ta t ion  included an electrcrmagnetfc induction flowmeter 
capable of following flow  surges up t o  about 100 surges  per second 
(reference 7) . This m e t e r  was installed in  the  acid  feed  l ine about 
two feet  fram the rocket  engine. Conibustion-chmiber pressure w&s 
detected by a variable-capacitance  type dfaphra@pl pressure  detector. 
The outputs of these Fnstnrments, neither of which has any appreciable , 

inherent signal lag, were fed t o  two oscilloscopes and recorded ainrul- 
taneously on a moving-film  camera.  These films provided a time-sequence 
record of the instantaneous  acid  propellant flow and the  instantaneous 
conibustion-chaiber pressure as well as  a record of the  duration of each 
pressure and flow pulse (chugging frequency). 

Pressure  taps a t  both  propellant tanks, Just upstream of the inJec- 
tfon  orifices, and in   t he  conbustion chanibers, wqre led t o  Bourdon-tube 
recording  pressure gages. Thrust w a s  detected by a strafn-gage pickup 
and recorded by a self-balanchg  potentimeter. 

Propellant  consmqtion w a s  estfmated from weights of the  propel- 
lants before and after each run. The duration of experimental t e s t  runs 
was f r o m  10 to 15 seconds. 

Procedure 

A series of experimental t e s t  runs was made with each of the t w o  
rocket-engine c h m i b e r s .  In  one.series of runs the  conibustion-cmer 
pressure was varied by adjusting  the  propellast-tank  pressures. For 
each rocket engine configuration, chuggfag runs at  several  ofidant-fuel 
ratios were made by adjusting  the  pressure  setting on the heptane tank. 

The rocket-engine  instrumentation  permitted the experimental mea- 
surement of the time lag during chugging between change of propellant 
(acid) flow and change of conibustion-chmber pressure, as w e l l  as the 
chugging frequencies and the  mean tank,  injector, and nhR.mher pressures. 
A typical flowmeter and pressure  trace is shown i n  figure 3. The f low 
rate of the  acid is proportional to the amplitude of  a 400-cycle carrier 
wave.  The chaniber-pressure variation is indicated  dLrectly by the lower 
trace. The relations between change of f l o w  and change of pressure  are 
i n  accordance with  the  postulated concept that a time interval. exists 
between propellant  injection and codmstfon. A study of the data at 
start ing of a run where a time datum f o r  the f l o w  and pressure  traces 
was available indicated that each change of pressure corresponded t o  the 
immediate1 preceding change of flow; that is, there w e r e  no multiple- 
phase re la  $ ions between flow and pressure in the experimental chugging runs. %cause of difficulties experienced in  the maintenance of the 
electromagnetic flowmeter the major part of the experimental data is 
presented in terms of the more easily determined chugging frequency. 
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Chugging frequency. - The chugging frequency during the course of a 
typical chugging run is  plotted in  figure 4. Data points .corresponding 
t o  each of t he   f i r s t   t h ree  chugging cycles  and  then t o  an  average of 
each succeeding five  cycles "e shown. The f i r s t  few chugging waves at 
the   s t a r t  of a run were of low frequency and considerable  pressure 
amplitude. The  waves rapidly  increased i n  frequency  during  the first 
one-half second, then  decreased somewhat during  the following second t o  
a sustained  frequency which increased  progressively by about f ive  per- 
cent  during the run. At the end of the run, apparently after the pro- 
pellant  valves had begun t o  close, the chugging frequency  again 
increased. 

Other runs showed a similar pattern of chugging frequency  during an 
experimental run. The low-frequency, high-amplitude st&ing pulses 
were present  in all runs, whether o r  not  sustained chugging occurred. 
When chugging began after a period of nondhugging operation, a pressure 
variation of small amplitude and irregular frequency  approrimcltely twice 
the chugging frequency was perceptible i n  the  pressure  trace  just  before 
chugging began. This pressure m i a t i o n  dropped i n  frequency to the 
sustained o r  "normal" chugging frequency  with  a great increase i n  
amplitude a t  the  onset of  cknzgging. Sustained chugging of low amplitude 
never  occurred. The chugging frequency  about halfway through the BUS-. 
tained chugging part of the run was  a rb i t r a r i l y  chosen as   the "normal" 
chugging frequency and t h i s  i s  the chugging frequency  used i n  further 
plots  of the data. 

A nmiber of experimental runs began with no apparent  rocket chug- 
ging  then  broke into chugging. A comparison of recorded Bourdon-gage 
pressures and thrust measurements f o r  these runs before and a f t e r  chug- 
ging showed a drop of about 10 percent i n  both  average  co&ustion- 
chamber pressure and in mean thrust  under chugging conditions. Com- 
parison of runs i n  which chugging occurred ~ t h  runs at similar pressure 
settings and oxidant-fuel ratios i n  which chugging did not occur indi- 
cated  increased  propellent consumption and a decrease of specific 
impulse of more than 10 percent under chugging conditions. 

Conibustion time  delay. - The exgerimental time delay between injec- 
t ion and combustion, 8 in the  theoretical  analysis, was evaluated by 
averaging  the measured time lags between flaw ~ . ~ ~ ~ i m u m s  and pressure 
maximums, flaw m b l m m s  and pressure minimum, and between both  the 
increasing and diminishing mean. flow and mean pressure  values. The l a g  
of the  cdustion-cha&er  pressure change behind the burning rate due 
t o  the  necessity f o r  changing the chader  volume was estimated from 
equation (A7) of the Etppen& and was subtracted from the measured time 
delay between flow and pressure  response  to- f k d  the  cambustian time 
delay. These conibustion time  delays for  two rocket chmibers of dif- 
ferent  characteristic  lengths a t  a chasiber pressure of approximately 
270 pounds per s-e inch absolute a r e  sham as related . to  the  experi- 
mental chugging frequency i n  figure 5. The data f o r  a ZOO-inch charac- 
teristic length rocket c W e r  correspond t o  several different sets of 
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injector   or i f ices .  The conibustion time delay  decreased  with  increasing 
chugging frequency, and had values between 0.0027 and 0.0037 second' f o r  
the  100-inch characterist ic  length  rocket chamber and between 0.0052 
and 0.0093 second fo r   t he  ZOO-inch rocket chamber. 

Shown on this same figure is the var ia t ion of t h e   c r i t i c a l  ccanbus- 
t ion  time delay €J w i t h  chugging  frequency, based on the   theoret ical  
analysis. The dashed l i n e  shows the  var ia t ion of  chugging frequency 
with combustion time  delay  for  engines of various characteristic 
lengths,  but  otherwise  corresponding to   t he   s e tup  and operating  condi- 
t ions of t h e   e x p e r b n t d  engine. The experimentally  observed combus- 
t ion  time delays are shorter than those  predicted  by  the  equations far 
corresponding chugging frequencies,  although  the cwcvea follow  the same 
trends. The combustion time delays observed for   the 100-inch cplarac- 
ter is t ic   length  rocket  chardber were a p p r o x h t e l y  one-half the values 
calculated from the analysis. 

Effect of rocket canbustion-chamber characterist ic  length.  - The 
effect  of rocket  engine  characteristic  length L* on the chugging f re -  
quency is  sham  in  figure 6 for two rocket  motors of different l e d h s  
but  otherwise  ifLentical, that is, with the  6eme inject ion head, chamber 
&meter  and exhaust nozzle,  and  operated a t  approximately  the same 
chamber pressure.  Plotted i n  this same figure are poin ts   cdcula ted  
from the  theoretical   analysis.  The experimental  and  analytical chugging 
frequencies  in  this  case  agree  very  closely. For example, the  analyti- 
ca l  chugging  frequency f o r  a characterist ic  length of 100 inches was 
37 cycles per second; the  experimentally  obtained  value w a s  38 cycles 
per second. The experimental chugging frequency  decreased as the  char- 
ac te r i s t ic   l ength  was increased,  as  predicted  by  the  analytical 
development. 

Because there  i s  no obvious reason for the   ac tua l  combustion time 
delay t o  be affected by change i n  chamber characterist ic  length it may 
be deduced that at the  onset of chugging the  mean ccglibustion time  delay 
seeks  values which w i l l  permit chugging. Once initiated, the  aajusted 
combustion time delay for the  same injector  configuration i s  different 
for rockets of various  characterist ic length. The mean canribustion time 
delay  during chugging is also influenced  by  the particular injector  con- 
figuration and t o  some extent  by  the  amplitude of the chugging, as will 
be discussed. 

Effect of th ro t t l ing .  - The experimental  effect of varying the 
combustion-chamber pressure and thrust of a rocket  engine  by  decreasing 
the  pressurizing gas pressure is shown in   f i gu re  '7 .  The experimental 
points  inaicate that the chugging frequency  decreases  with  decrease  in 
chamber pressure and thrust. Thfs r e s u l t  i s  in '   contradiction  to  the 
theoretical   prediction.  Results of calculations  based on the  analysis 
for a fixed  configuration  corresponding t o   t h e  experimental  rocket  are 
shown on the  plot  RS a dashed l i n e .  The f a c t  that t h e   r a t i o  of the 
propellant-feed-system  pressure drop to   the  absolute  chaniber pressure 
varies  with  the  pressure  for a fixed  rocket  configuration was taken  into 
accomt  in  plotting  the  theoretical  curve. The increase  in  pressure 
drop t o  chamber pressure  ratio Ap/pc  was considered  proportional  to 
the increase  in  chamber pressure. 
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The la& of correlation  betwea  the  experimental and analytical 
chugging frequencies can be attr ibuted t o  the following simplifying 
assumptions: (1) the combustion time delay is  invariant throughout the 
chugging cycle, and (2) the chugging amplitudes a re  small .  That the 
collibustion tfme delay i s  unchanged under the changing flow and cmbus- 
t i a n  pressure  conditions  existing  during  the chugging cycle i s  unlikely. 
In  addition,  the observed chugging amplitudes are hi@ and probably 
limited by secondary o r  nonlinear damping effects  or terms which do not 
appear in  the  analytical  derivation,  for example, the  increase i n  
propellant-feed-system  pressure drop w i t h  increased amplitude of pulsing 
flow. Therefore, the experimental chugging rocket will not necessazily 
behave i n  accordance with  the  analytical  equations  but w i l l  be governed 
t o  some extent by those  factors which w e r e  assumed negligible in the 
analysis  in  order t o  permit mathematical solution. 

For  a fixed  rocket  configuration,  the  injection  and conibustion of 
propellants  are probably improved st higher chaniber pressures and the 
conbustion time delay would dbyhish. Thus increasing combustion- 
chamber pressure may increase  the chugging frequency as observed for  the 
experimental  rocket. 

Another factor which may affect  chugging when the  injection  pres- 
sure drop and the chamber pressure  are  increased is the change in mer- 
a l l  combustion efficiency o r  specific bqrt.iLse. A decrease in specific 
Fmpurse decreases the chugging frewency f o r  sustained chugging, i n  
accordance with  these  observations. For the conditions of sFmilar l i ne  
length and fluid  velocity,  the analysis  predlcts  that changing thrust  
would  have no effect on chuggfng conditions. This conclusion is  sup- 
ported by reference 6 as  well  as  the work of other  investigators. 

Effect of injection  velocity. - Chugging frequencies for a nuniber 
of different in.7ector or i f ice  sets in a 200-inch characteristic 1enp;th 
rocket chamber &e plotted in  figure 8 against  the  velocity of the  acid 
je ts .  The data point6 show that a6 the  velocity of the   j e t s  was 
increased  the chugging frequency  increased.  Since the  pressure drop 
across  the  injector  orifices  increases  with  increased  velocity of the 
injection jets, the experimental chugging frequency can be said t o  
increase  with  increased  injector  pressure drop. Again this   re la t ion is  
contrary t o  the  theoretical  prediction (shown as a dashed curve in   f ig -  
ure 8). 

It is  generaJ2.y accepted that   the   cabust ion process may be 
affected by the injection  process and that bet ter  a tomizhg and mixing 
can be accamplfshed by  increased  injection  velocities. Thus the mean 
conibustion time delay probably dinidshes  with  increased  injection  velo- 
c i ty  and the chugging frequency m y  increase. A change i n  conibustion 
efficiency o r  specific imgulse resulting from increased  inJector  pres- 
sure may be a partial exphnation of the observed results.  
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Effect of oxidant-fuel  ratio. - Figure 9 i s  a plot; of the chugging 
frequencies of several  rocket-engine  configurations,  essentially  several 
dffferent  injector  orifice  sizes,  against  over-all  oxidant-fuel  ratio. 
These data  are  for  the ZOO-inch rocket  operated a t  a chamber pressure 
of approximately 280 pounds per  square  inch  absolute. The plotted  data 
points  indicate that the chugging  frequency for each rocket  configura- 
t ion  is  substantially independent of oxidant-fuel r a t i o  a t  constant 
rocket-chamber pressure. The analytical  approach i s  based on a mono- 
propellant model, consequently it affords no information of the   e f fec t  
of oxidant-fuel  ratio. 

The fac t  that most rocket  engines  involve two propellants  and  cor- 
respondingly, two propellant systems introduces  complications. The 
propellant systems are   not   l ikely  to  have similar ayneslic characteris- 
t i cs ;  consequently a periodic  variation  during  the chugging cycle of the 
oxidant-fuel  ratio  delivered  to  the combustion chamber probably OCCUTS. 
If the  ra te  of combustion of the  propellants i s  a sensitive  function of 
oxidant-fuel  ratio; as w e l l  a s  of dauber  pressure and  temperature, 
which are functions of the  oxidant-fuel  ratio, then the ccmibustion time 
delay w i l l  vary throughout the chugging cycle. Thus, it i s  evident that 
any s tab i l i ty   c r i te r ion  for the  occurrence of chugging which i s  based 
s t r i c t l y  on pressure drop and feed system  and chaniber dimensions O f  the 
rocket  engine  without  regard t o   t h e  canbustion  process o c m i n g  in   the  
engine may yield  misleading  indications. If the  variation of the  com- 
bustion rate is greater than the  variation of the flow rate ,   the  vary- 
ing combustion r a t e  can  supply  additional  “gain” or amplification t o  
the  cycle t o  promote  chugging under conditions  for which, according t o  
the  analysis, chugging should  be damped out.  This  factor may account 
for  the  intensity of  some chugging runs. 

Variation of chugging frequency  with  amplitude of chamber pressure 
fluctuations. - It was observed tha t  when the chugging Frequency for  a 
particular  rocket  configuration  varfed  during a run or from ~zzn t o  2 2 2 ~ ~  
there w a s  a corresponding variation i n  the  amplitude of the  pressure 
fluctuations. The differences between and minimum chaniber 
pressures and the chugging frequencies  for  correspondbg  points a r e  
sham for  a chugging run in   f igure 10. This chugging frequency 
decreased when the  pressure  differences  increased. 

The amplitude o f  pressure  fluctuations  for a nlzzziber of runa of two 
rocket-engine  configurations,  different only in the sizes of  the  injec- 
to r   o r i f ices ,   a re   p lo t ted   in  figure 3.l against the  normal chugging f r e -  
quencies. The chugging frequencies  again  decreased when the  pressure 
fluctuations  increased. 

L 

Large  chamber-pressure fluctuations can occur during chugging 
operations.  Pressures  differences of 550 pounds per  square  inch at an 
average chaniber pressure of 260 pounds per  square inch have  been 
observed during n o m 1  chugging. 
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Because this   analysis  is based on the assumption that the  presaure 
c 

, fluctuations  are  negligible ccpnpazed t o  t he i r  mean values,  the effect 
of pressure ampli-hzde on t he  chugging condftions is not  predicted. How- 
ever, if the chugging frequencies are in part dependent on the  re la t ive 
dynamic characteristics of the oxidant and fuel   feed systems a change 
of amplitude will affect   the  chugging Frequency. More intense chugging 
would probably  increase  the mean combustion tfme delay which would 
resul t  i n  reduced chugging frequenciC6, as  indicated by the experhental 
data. 

Evaluation  of the analysis. - The concept of time  delay between 
injection and ca&ustion of the  propellants is confirmed by the mea- 
surements of the tfme delay between change of acid f l o w  and change of 
conibustion-chmber preasure. The analysis, baged on th i s  concept as a 
cause of  chugging, gave calculated chugging frequencies of approximately 
correct magnitude and correctly  predicted same trends of varying the 
rocket  design and operating  parameters. The agreement of mgnitude of 
the predZcted and observed chugging frequencies can be  considered for -  
tuitous in v i e w  of the  sfinplifying assumgtions made in deriving  the end 
equations. Among the  factors not previously  discussed  are: (1) the 
campressibility af the  propellant and the   f lex ib i l i ty  of the  propellant 
feed  lines,  both of which w i l l  permit oscillating  conditions at higher 
frequencies, (2)  the time for a pressure  surge to t rave l  from i ts  point 
of or igin  to   the nozzle, a factor of Zncreasing fmportance a t  higher 

waves in  the cha.mher, (4) the   iner t ia  of the gas i n  the  rocket chmiber 
and  nozzle, (5) nonisothermal conditions i n  the  chEtniber during a chug- 
g i n g  cycle, and (6) any accelerations of the  rocket engine as a unit. 
Despite  limitations imposed by these  assunptions,  the  basic  concepts 
of the analysis seem t o  be  well founded and may lead t o  be t te r  under- 
standing of the chugging phenmenon. 

. frequencies and for larger  rocket M e r s ,  (3) reflecting  pressure 

Although chugging of rocket  engines has occurred p r i r a r l l y  a t  low 
feed-system  and injector  pressure drops the  analysis indicates that 
etable  aperation at l o w  presrmre drops can be accomplished if the com- 
bustion time  delay is sufficiently short. The actual cwibustion  time 
delay  probably bas values of different magnitudes fcrr different  propel- 
lant conibinations and injection methods; cansequently, different chug- 
ging conditions and r egbes  will OCCUT f o r  different  propellant cmbina- 
t ions and f o r  different  injection methods. 

I 

Experimental runs with a 300-pound thrust  acid-heptane  rocket 
engine  having a pressurized-gas  propellant pumping system shared: 
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1. Chugging frequencies of about 38 cycles  per seccrnd were obtained 
for a  100-inch characteristic  length  rocket engine a t  a chaniber preseure 
of 280 pounds per  square  inch. A frequency of 37 cycles  per second wa5 
calculated frm the analysis for  this rocket  engine. 

* 

2. Increasing canbustion-chamber characteristic  length decreased 
the chugging frequency, as predicted by the analysis. 

3. Increasing mer o p e r a t a  pressure  (fixed  configuration) or 
increasing  propeUant-3lne  pressure drop increased  the chugging f re-  
quencies. These trends were  Fncorrectly  predicted by the  analysis;  the 
disagreement i s  attr ibuted t o  the simglif'ying assumption of canstant 
combustion time delay. 

4. No apparent effect of oxidant f i e 1   r a t i o  on the chugging fre- 
quency for  acid-heptane ra t ios  from 3.0 t o  7.0 occurred. No effect i s  
predicted by the  analysis which  askumes a monopropellant system. 

5. The chugging frequencies  decreased with increased amplitude of 
chugging. The analysis makes no prediction of the  effect of pressure 
amplitude on chugging  t'requency because the  pressure  fluctuations were 
assumed negligible. 

Lewis Flight Propulsion  Laboratory, 

Cleveland, Ohio. 
National Advisory Committee for  Aeronautics, 
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The f'undamentd concepts on whlch the  analysis of low-frequency 
chu$ging vibrations  are based are discussed in  the main body of thls 
report. The analysis i s  based on the  concept of a hydraulic  coupling 
between the  flow of a monopropellant f r a n  i ts  storage  tank t o  the  rocket 
chamber and the  rocket conibustlon-chmiber pressure. Surges of the pro- 
pellant flow and the chmiber pressure  are promoted by a time interval o r  
lag between each change of propellant flow and the corresponding change 
of pressure. This time interval comprises (1) the delayed  response of 
the f low t o  any change of Mer pressure due to.  the inertia. of the 
fluid, called  the. inertia t h e  lag, (2).  a time delay between propellant 
injection and actual ccplibustion, called  the ccmbustion time delw, and 
(3) a tFme difference between a change in cadust ion rate and the  cor- 
responding change i n  c m e r  pressure,  called  the charging time lag. 

Although the  iner t ia  time lag  and the charging  time lag c&z1 be 
expressed mathem8.ticaU.y as functions of the  feed  l ine and M e r  geo- 
metry and the chugging frewency,  this analysis assumed that   the  com- 
bustion time  delay is  constant because of lack of  Fnformation on the 
dynamics or kinetics of factars  which influence it. Probably the com- 
bustion t h e  delay is hf luenced by factors such as varyfng  degrees of 
atomization, mixing and vaporizing due t o  variation in the  injector 
pressure drop with  the  propellant flow surges and by the varying com- 
bustion chaniber pressure. Some interpretation of the parameters which 
determine and influence chugging is  possible  despite  the  limitations 
-osed by the assumptions. 

The cycle can be treated mathematically f o r  a monopropellant if the 
following assumptions a re  made: 

(1) The liquid propellant burns instantly i n t o  gaseous products at 
a definite time a f t e r  being  injected l n t o  the  rocket  caabustion chamber, 
that is, the conibustian time delay is constant. 

(2)  The propellant has negligible volume while in.   the unburned 
phase in the combustion chaniber. 

(3) The amplitudes of the cyclical variations in conibustion- 
chmiber pressure and propellant f l o w  a re  small compared t o  the i r  mean 
values and the  variations  in flow can be expressed by sinusoidal equa- 
tions. 
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(4) The propellant is  incompressLble and the propellant  feed system 
inflexible. 

DERIvAlcIoN CF EQUATIONS 

The first assumption implies that the   ra te  of ccxribustion  of the 
propellant a t  time t i s  equal t o  the  ra te  of propellant  injection 
into  the rocket canibustion &mer at some previous time (t - e ) .  

I+, at (t) = w i  a t  (t - e )  (a) 

The gaseous combustion products in  the  rocket conibustfon chamber 
are propor t iad .  t o  the canibustim-chaniber pressure. The volume 
occupied by the unburned propellants i s  considered  negligible (asswq- 
t ion ( 2 ) )  and the combustion temperature i s  considered constant. The 
small variations i n  the chmiber pressure (assumption (3)) are considered 
not t o  affect  the cmibustion tanperatme 

differentiating 

If the in f low and outflow of gas in  the  rocket combustion chaniber are 
considered 

- =  
dt 

If (A3)  and (A4) a r e  combined 

The flow from the rocket exhaust nozzle Wg &pen& on the cam- 
bustion gas density wbich, w i t h  constant temperature canibustion gas, is 
proportional t o  the chamber pressure 

f 

M 

N 
-d 
N 
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If (A5) and (A6) a r e   c d i n e d  

N 
N 
rp 
w 

The  chamber pressure  can  be  expressed in  terms of the  propellant  tank 
pressure  and  fuel-system  pressure drops. The instantaneous  pressure 
drop from the  rocket  propellant  tank t o   t h e  conibustion chaniber comprises 
three terms: (1) the  drop across the propellant  injection  orifices, 
(2)  the  f r ic t ion  in   the  propel lant   feed  l ine,  and (3) the inertia of 
the  propellast  in the  feed system. 

The injection-orifice  pressure drop has the f o m  of  an or i f ice  
equstion 

The g a e r a l  form of the frict ion  pressure drop is  

This equation  applies o n l y  in  the  turbulent  region of fluid flow. 
A t  high Reynolds numbers such as  occur i n  the propellant  feed  line  the 
f r ic t ion   fac tor  f is a relatively  insensit ive  function of fluid velo- 
c i t y  Etnd may be  considered  constant  for smal l  variations i n  propellant 
flow (assumption (3) ) . Equation (A91 then becomes 

The difference between the  pressure  force from propellant tank t o  
injector   or i f ice  and the  force  required t o  overcome f r i c t ion   i n   t he  
l i n e  is due t o  iner t ia   forces  

The equation f o r  the  pressure drop from propellant tank t o  com- 
bustion chaniber is then 
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and 

But  since 

the charher  pressure is 

If the Fnstantaneous f low rate Wi is assumed to comprise a 
steady flow Wo and an unsteady term represented as a function of time 

Assumption (3) permits the term f2(t) to be neglected. 

Equation (Al5) then becomes 

and 

" Qc zwo ZF '0 df(t) 2 d2f(t) 
(pal2 dt ga dt2 dt 

" " 

KZ2 dt 
" 

If 

wi = wo + f(t) 

men from equation (AI-) 

q, = wo + f(t - e)  - 
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Equation (Ai') can be corribined with  equations (Al8) and (Al9) 

17 

Wo + f ( t  - e )  = IC2 

r 

Wch c m  be  rewritten 

(K2 3 + K2 - 2F w;) f ( t )  + f ( t  - e) 
(Pa) 

The right hand side of thfs  equation can be shown t o  equal  zero  by 
us- mean values in equa.tion (AE) 

" W02 F Wo2 

KS2 ( p a l 2  
p t - p , = - + -  

Multiplying all terms by H2 and conibining with equation (A6) 
yields 
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The remainder of equation (A22) can be  written 

where 

Equation (A25) governs chugging vibrations in the  rocket combus- 
t i on  chaniber provided the assumptions a r e  val id  and can be solved if' 
f ( t )  i s  assumed t o  follow a sinusoiw curve such that 

If n i s  posit ive the vibrations trill have increasing amplitude; 
if n is negative the vibrations will be damped. S is  an  amplitude 
factor. 

The term  ent can be expanded h t o  a series 

+ k g + .  3. . . 
Because in te res t  f o r  the case of sustained chugging v ibra t ims  l ies  

fn values of n near zero a l l  t e r n  beyond nt i n  equation (A30) can 
be dropped. 
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Then 

A = - m2 sin ost - S W ~  nt sin art + cos art + cos at d2 f t 
dt 

(A331 

f(t - e )  = (1 + nt - ne) s sin ot cos tu8 - S cos at sin US c 1 
( A S  1 

Substituting  these  values in equation (A25) and  conibining  terms 
with  like  coefficients of t gives 

Because  the eqwtion is valid f o r  all values  of t the  coefficient 
of  each  term  must be independently equal to  zero. 

Evaluation of Constants 

The constants A, B, and C must be evaluated in terms  of cam- 
monly used  rocket  parameters. 
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From equation (A26) 

M 

Because the volume of the conibustion c-er i s  equal t o  the  character- 
is t ic   length  t imes  the throat area of the  rocket  nozzle 

L* &t PC K1 
P C  

From isentropic  nozzle flaw theory 

Where 

and 

Thus 

1 

q = p, (*y 

w, 
at. = 

cu cu 
4 

" 
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Therefore 

and 

Combinin@; equation (A27) with equations (A43), (AS), and (A6) 

21 

Combining equation (A28) 

C =  

The q r e s s i o n s  for 
sim 

This term  comprises 

with equations (A8) and (A6) 

the  constants B and C involve an expres-  

the pressure drops from the tank t o  the com- 
bustion chaniber. Evidently, i f  incompressible f l u i d  and inflexible 
prapelJant  feed  lines are assumed, the pressure drop i n  the  feed  l ines  
can be  added t o  the  injector  pressure drop. 
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(pi-PC) + F F 2 = G  

Thus 

B =  2L* 

C = Z A P  2 -  

PC 

+ 
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(A47 1 

.- 

slT"AKy AND DISCUSSION OF EQUATIOI?S 

The analysis yields an earess ion  of the  following form for chug- 
ging In a rocket englne 

!This expression for chugging operation i n  which there is no change 
i n  chugging amplitude can be solved by using two simultaneous equa- 
t ions 

-A2 + c + cos OB = 0 

Bo3 - s i n w  = 0 

where 

8 conibustion time &lay, sec 

cu chugging frequency, raaans/sec 



N 
rp 
N 
w 

L* wo 
I .  Y+l  

A =  2 
@;a 
- 

.- 

Solution of the two simultaneous equations yields d u e s  of the 
canibustion time delay €J ,and the  cycling  frequency a w h i c h  delineate 
the chugging from the nmchugging conditions of rocket  operation and 
correspond t o  operation a t  a condition where no change of chugging 
amplitude OCCUTS. The calculated  value of the cambustion time  delay 
represents  the minimum conibustion time  delay at  which chugging can be 
sustained. Chugging at  longer coldbustion time  delays i s  possible but 

by secondary or nonlinear damping terms w h i c h  do not appear i n  the equa- 
t ions and the  equations of the  analysis would no longer apply. 

. the chugging amplitude will- increase  with  each  cycle or will be  limited 

The equations  describe a feedback system i n  which no amplification 
or gain of the feedback loop is accomplished except through the  hydro- 
dynamics and phase relations of the system. 

Application of Analysis 

A typical example has been s e t  up and the equations  applied t o  
determine the  effect  on c r i t i c a l  combustion time delay and stable chug- 
ging  frequency of changes in the following  variables: r a t i o  of propel- 
lant feed-line  pressure drop t o  the rocket-chamber pressure,  chaxacter- 
i s t i c  length, co~&ustion-chamber preseure,  propellant  feed-line  length 
and area, and thrust. 
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Values of rocket  operating and design  parameters a re   l i s t ed  i n  the 
following  discussion. The results are plotted in figures 1 2  t o  21 i n  
terms of the  variation of the   c r i t i ca l  combustion time delay and cal- 
culated chugging frequency as functions of the parameter varied. 

The following conditions were  chosen as standard, some of w h i c h  
were taken: f'rm the experimental performance of white fwaFng n i t r i c  
acid and heptane: 

Ra t io  of specific  heats, f .  . . . . . . . . . . . . . . . . . . .  1.22 
Ratio of conibustion temperature t o  molecular weight by 

propellant.  gases, Tc/M, OR/mol. . . . . . . . . . . . . . . . .  214 
Specific impulse, I, lb-sec/lb. . . . . . . . . . . . . . . . . .  187.5 
Propellant  density, p, lb/cu f t  . . . . . . . . . . . . . . . . .  93 
Universal  gas  constant, R, ft-lb/OR/rnol . . . . . . . . . . . . .  1544 

These parameters were fixed and the following parameters were 
varied t o  determine their   effect  on the  predicted  vibration range. The 
values l i s t e d  are those  used when that particular parameter was not 
being  varied., The following parameters were those  corresponding t o   t h e  
300-pound thrust acid-heptane experhental  rocket engine. 

Rocket engine thrust, T, lb. . . . . . . . . . . . . . . . . . .  300 
Combustion-chamber pressure, pc, lb/sq in. abs. . . . . . . . .  300 
Characteristic  length, L*, in. . . . . . . . . . . . . . . . . .  100 
Length  of propellant  feed  fine, 2,  f t .  . . . . . . . . . . . . .  4 
Cross-sectional  area of propellant  feed line, a, sq in. . . . .  0.2485 
Pressure drop due to   f r ic t ion ,  4f, lb/sq in. . . . . . . . . . .  20 

N 
4 
cu 

drop to   the   ro&et  combustion-chamber absolute  pressure -4 /pc -  i s  
shown i n  figures 1 2  and 13. The figures show that the   c r i t i ca l  cmbus- 
t ion time  delay w i l l  increase and the  stable chugging frequency w i l l  
decrease as  the r a t i o  Ap/pc i s  increased.  Figure 1 2  indicates f o r  
each value of 4 / p c  a minimum c m u s t i o n  time delay for chugging t o  
o c m .  Figure 1 2  indicates  that the canibustfon time delay becomes 
infinitely  large and the  stable chugging frequency  approaches a value 
of zero as the   ra t io  of  Ap/pc approaches a value of 0.5. A practical  
limitation is  realized  before  this  condition can pertain, however.  The 
maximum values which the conibustion time delay 8 can have are uncer- 
tain  but  they must be l e s s  than  the  "stay time" of the  propellant i n  the 
rocket chamber; that  is, they must be less  than 0.01 second for  most 
rocket  configurations. The analytical  derivation shows that   i f   the  
combustion time  delay i s  sufficiently small (0.003 sec  for  the  rocket 
configuration far which the  analytical   results are plotted)  the 
rocket cannot chug at any value of  Ap/pc. 
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Effect of vaxying characteristic  length. - The effect  of varying 
rocket chamber characteristic length L' i s  shown i n  figures 14 and 15. 
The family of m e s  plotted are f o r  an acid-heptane  rocket  with t o t a l  
propellant f eed-system pressure drop equal t o  0.3, 0.2, and 0.1 of the 
chamber pressure. 

The curves delineate the chugging and nonchugging regions. Fig- 
ure 14 indicates the conibusticm time  delay for stable ar sustained chug- 
ging  with no amplitude change. Figure  15 shows the corresponding chug- 
ging frequency. A n  increase i n  the  characteristic  length causes an 
increase in the critical combustion time  delay  factor and a decrease in 
the corresponding chugging frequency for stable chugging operation. 
This condustion  time  delay  increase i s  in addition t o  the  increase i n  
charging time of the &anher. 

The chugging frequency for  stable or sustained chugghg for a 
rocket chamber characteristic length of 25 inches a t  Ap/p, = 0.2 with 
other  parameters as U s t e d   i n  previous  discussion was 52 cycles per 
second; f o r  a characteristic  length of 100 inches the frequency was 
37 cycles  per second; fo r  200 inches  the  frequency was 27 cycles  per 
second. 

Effect of varying  rocket conibustion-chamber pressure. - The effect  
of varying the  rocket cdbustion-chaniber pressure i s  considered for 
(1) a roeket  configuration i n  which the  thrust  is  kept  constant, and 
(2) throt t l ing a fixed  rocket  configuration by changing the pumping pres- 
sure in  w h i c h  case the enghe  thrust   as w e l l  as  the  pressure is varied. 

The effect  of varying  the  rocket confbustion-chamber pressure on 
the chugging frequency of 8 rocket  engine  configuration i n  w h i c h  the 
thrust  is  kept  constant by adjusting  the  nozzle throat area (and the com- 
bustion chaaiber  volume so as  t o  maintain  constant L*) is shown in  fig- 
ures 16 and 17. The constants used in   t he  equations  neglect  the change 
i n  specific impulse with  increased  rocket chamber pressure. For this 
case  the  analysis  predicts that as  the  cdustion-chamber  pressure is 
increased  the critical combustion time delay f o r  sustained chugging w i l l  
decrease; that is, the chugging frequency will increase.  Figure 16  shows 
that the   c r i t i ca l  combustion time delay  decreases as the  rocket c h d e r  
pressure  increases.  If  the  cmbustion time  delay remains constant as the 
operating  pressure is increased  then chugging is more l ike ly  t o  occur a t  
h i a m  chamber pressures;  that is, if the  rocket  configuration used fo r  
t h i s   i l l u s t r a t i m  has a conibustion time delay of 0.004 second6 and a 
Ap/p, r a t i o  of 0.2, then chugging may occur i f   t h e  chamber pressure is 
400 pounds per  square  inch or greater. However the  actual conkustion 
time delay  probably  decreases as the. chamber s e s s w e  increases. The 
ccmrputed. stable chugging frequency for   the assumed rocket  configuration 
f o r   4 / p c  = 0.2 was about 16 cycles  per second a t  100 pounds per square 
inch  absolute; a t  1000 pounds per  square  inch it was 66 cycles  per 
second. 

For a rocket engine of fixed configuration w h i c h  is throttled by 
changing the  tank  pressures, figures 1 6  and 17 do not apply. For a fixed 
configuration,  varylng  the chamber pressure changes the  thrust and the - 
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velocity of the  propellant  flow in the   feed  l ine as w e l l  as the   r a t io  
of Ap/pc. For a constant r a t i o  of  Ap/pc the conibustion time delay 
for  sustained chugging  can be shown t o  be  nearly  unaffected by increased 
conibustion-chamber pressure and thrust; consequently the  resul tant  
e f fec t   in  a fixed  rocket  configuration i s  due primarily  to change i n  
the r a t i o  of t h e   t o t a l  feed-system  pressure drop  t o  the absolute c-er 
pressure Ap/pc. If the   t o t a l  feed-system  pressure  drop is  assumed 
proportional t o   t h e  square of the  propellant  flow  rate and the  propel- 
l an t  flow r a t e  is assumed directly  proportional t o  the chaniber pressure, 
Ap/pc w i l l  vary  directly as the chaniber pressure. 

Effect of varying  propellant  feed-line  length and area. - The 
effects  of varying the  propellant  feed-line  length and area axe sham 
in   f igures  18 and 19, respectively. In these figures the fr ic t ion  pres-  
sure  drop  through  the  &foot  feed  line w a s  taken as 20 pounds per square 
inch  and  the Ap/pc r a t i o  w a s  assumed t o  be 0.2 far the  standard con- 
figuration. The pressure drop was .varied  in  proportion t o  the  propel- 
lant  feed-line  length and i n  inverse  proportion t o  t h e   f i f t h  power of 

the  feed-line  diameter (4f &)* The figures,  therefore, show a 
a 

double effect ,  that is ,  the  effect  of the  parameter which was varied and 
the  effect of changing friction  pressure drop. Increasing  the 
propellant-line  length beyond about 23 feet   increased  the  ratio of 
4 / p c  (because of increase of Opf) t o  a value  greater  than 0.5. The 
equations  predict that chugging i s  impossible beyond this value of 
4/pc.   Restr ic t ing  the  l ine  area t o  values  .lese  than about 0.13 square 
inch for  the  ro+et  configuration assumed had 8 similar  effect   (f igs.  20 
and 21) .  Shortening  the  propellant-line  length or increasing  the  line 
area w i l l  increase  the  stable chugging frequency as might be  anticipated 
because of the  decrease in  feed-line  inertia. 

Effect of varying  engine thrust. - When thrust  of a rocket  engine 
i s  increased  the  propellant  feed  line geametry i s  generally changed t o  
accommodate the  increased  propellant flow. Whe'ther o r  not  these changes 
a f fec t  chugging  depends on the  propellant  line  length,  propellant  veloc- 
i ty ,  and total   pressure drop through the  feed system. If these  factors 
remain constant  then an increase in  thrust rating  (engine  size  or  scale) 
will not  affect   the chugging conditions. The res t r ic t ion  that these 
factors remain constant, however, i s  seldom realized i n  changing the 
scale of an engine.  For v m p l e   i n   t h e  case where the  propellant-line 
area i s  increased  to  maintain  constant  propellant  velocity,  the  friction 
pressure drop per unit length of line decreases as the  inverse  square 
root of the area. Inasmuch as the  friction  pressure drop is  generally 
smll cmpared  with  the  injector  pressure drop the  influence of i t s  
change on t h e   t o t a l  feed-system  pressure drop and  consequently on chug- 
ging w o u l d  be of secondary  importance i n  most cases. The effect  of  
engine  scale on the combustion processes  and the  influence of combustion 
effects on chugging are not  considered. 



. 
The effect  of varying thrust by throt t l ing an engine has been dis- 

* cyssed  with the  effect  of changing combustion-chaniber pressure. 

A simplified  analysis of chugging i n  a rocket  engine which uses a 
pressurized-gas  propellant pumping system was based on the concept of a 

!The analysis  indicate& 
N constant time delay between injection and cornbustion  of the  propellant. 

w 
(I) Increasing  the  propellant-line t o t a l  pressure drop increases 

the   c r i t i ca l  cambustion time delay and decreases  the  stable chugging 
frequency. 

(2) A combustion time delay  exists below which chugging is impos- 
s i b l e   a t  any value of feed-system  pressure drop. 

(3) Increase of chaniber characteristic  length  increases  the  criti- 
cal conibustion time delay required f o r  sustained chugging and decreases 
the  stable (no change of amplitude) chuggfng Frequency. 

(4) An increase in chardber pressure f o r  rocket  engines in which the 
propellant  velocity  in  the  feed  line is  constant causes a decrease in 
the   c r i t i ca l  combustion tiine delay and an increase in stable chugging 
frequencies;  throttling a fixed  configuration  by  decreasing  the  tank 
pressures  decreases  the  critical conibustion time delay and increases 
the chugging frequency. 

(5) fncreasing the propellant-line length or decreasing the 
propellant-line  area  increases  the  critical conibustion time delay and 
decreases  the stable chugging frequency. 

(6) Increasing  the thrust of a rocket  engine does not affect  the 
c r i t i c a l  canbustion  time delay or the stable chugging frequency pro- 
vided the  propellant-line fluid velocity and line  length remah canstant. 

(7) Chugging frequencies of 37 cycles  per second were calculated 
f o r  a 300-pound thrust  acid-heptane  rocket of 1OO-inch characteristic 
length at  a chamber pressme of 300 pounds per s v e  in&  absolute. 
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SYMBOLS 

The following symbols are used ;In this report: 

constants 

cross-sectional  area o f  propellant feed line, sq f% 

rocket  nozzle  throat  area, sq f t  

combustion gas  velocity st rocket  nozzle thrcat, f t /sec 

diameter af propellant  feed line, f t  

f r i c t ion  constant, - f 2 P  
2€3 D 

fluid-friction  factor 

function of time 
.d 

gravitational  acceleration,  ft/.sec' 

specific hpulse, lb-sec/lb 

constants 

characterist ic length, combustion volume divided by 
throat  mea, f t  

length of propellant  feed  l ine,  f't 

molecular  weight of propellant  gases, lb/mol 

mass of burned propellant  in combustion chamber, lb  

exponential damping factor 

combustion-chamber pressure, lb/sq ft 

pressure a t  upstream face of propellant  inJector,  lb/sq f t  

propellant  supply-tank pressure, lb/sq f t  
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= 4 f  

R 
N 
@J 

0 4  
rp S 

T 

TC 

t 

VC 

V 

w, 

Pt  - PC.' lb/sq f t  

P i  - PC, lb/sq ft 

pressure drop due to   f r ic t ion ,  lb/sq ft 

universal gas  constant , f t - lb/oR;/mol  

amplitude factor 

rocket  engine thrust, l b  

conibustion temperature, OR 

time, sec 

volume of combustion chaniber, cu f t  

velocity of f lu id  i n  propellant  feed  line, ft/sec 

propellant burning rate, lb/sec 

flow rate of c d u s t i o n  gas through exhaust nozzle,  lb/sec 

rate a t  injector, lb/sec 

flow rate, lb/sec 

ic h&ts 

wi propellant flow 

WO mean propellant 

r r a t io  of specif 

6 t h e  delay between injection and combustion, sec 

P propellant  density,  Ib/cu ft 

PC 

P t  

cu chugging frequency , radians/sec 

combustion gas  density, lb/cu ft 

combustion gas density at rocket  nozzle t h r o a t ,  wcu f t  
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Time after s t a r t  of chugging, sec 

NACA RM E51G11 

Figure 4. - Experimental variation of chugging frequency  with 
time a f t e r   s t a r t  of chugging. Rocket  chasiber characteristic 
length, 200 inches; average chamber pressure, 250 pounds per 
square inch absolute. 
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- - - - - Theoretical 

I 
l50 

I L 

.005 - 010 
Combustion time delay, sec 

Figure 5. - Ekperhental  variation of  chugqbg 
frequency w i t h  time delay between propellant 
injection and conibustion fo r  two  rocket  W e r s .  
Average  chariber pressure, 270 pounds per  square 
inch  absolute. 
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Figure 6. - Experimental variation of chugging 
frequency with rocket combustion-chamaer 
characteristic lengkh. Average  chamber pressure, 
270 pounds per square inch aSsolute. 
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Average  chamber  pressure,  Ib/sq in. absolute 
Figure 7. - Ekperimental variation of chugging frequency with 

average  rocket cdustion-chaniber pressure ( t b o t t l i n g ) .  
Rocket chauiber characteristic  length, 200 inches. 
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Average  acid  injector  jet  velocity,  ft/sec 

Figure 8. - Experimental  variation of chugging 
frequency with average  acid  injection  stream 
velocity.  Rocket c-er characteristic lengbh, 
200 Fn&esj average  chanber  pressure, 280 pounds 
per suuare inch  absolute. 
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Figure 9. - Experimental variation of chugging frequency  with 
oxidant-fuel  ratio. Rocket  chamber characteristic  length, 
200 inches;  average chamber pressure, 2eO pounds per  square 
inch  absolute. 

39 
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Figure 10. - Experimental variation of chugging frequency and 
amplitude of chaniber pressure fluctuations  with t h e  after 
start of  chugging. Rocket chamber characteristic  length, 
200 Fnches; average c-er pressure, 270 pounds per square 
inch  a3solute. 
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Figure ll. - Experimental variation of chugging 
frequency with amplitude  of & d e r  pressure 
fluctuations.  Rocket  chanher  characteristic 
length, 200 inches; average chamber. pressure, 
270 pounds per square inch absolute. 
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0 .2 .3 .4 .5 
Ratio of propellant feed-system  pressure drop t o  rocket 

cambustion-ckber  pressure, AP/P, 

Figure 12. - Variation of conibustion time delay  with r a t io  of 
propellant feed-system  pressure Ckop t o  rocket  cambution- 
chamber pressure. Rocket chamber characterist ic lengbh, 
100 inches; combustion-&amber pressure, 300 pounds per square 
inch  absolute;  length of propellant feed line, 4 feet; cross- 
sectional  area of propel la t   feed line, 0.2485 square hch;  
rocket  engine tlrust, 300 pounds; specific imDuLse. 137.5 pound- 
seconds per pound. 
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Figure 13. - Variation of chugging frequency  with r a t io  of 
propellant feed-system Dressme drop t o  rocket combustion- 
cham5er pressure. Rocket  chamber characterist ic len@h, 
100 incbes; combustion-chamber pressure, 300 pounds per  square 
inch absolute;  le@h of propellant feeC line, 4 feet; cross- 
sectional  area of propellant  feed  line, 0.24e5 square in&; 
rocket  engine thrust, 300 pounds j specific impulse, 187.5 pound- 
seconds per pound. 
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0 
Characterist ic length, in. 

Figure 14. - VBriation of combustion time  delay w i t h  rocket 
combustion-chmiber characterist ic  length.  Conibustion-chamber " 

pressure, 300 Founds per  square  inch absolute; length of 
9ropellant feed l fne,  4 feet;   cross-sectional area of propellant 
feed  l ine,  0.2485 square inch; rocket  engine  thrust, 300 ;POUndB; 
specif ic  impulse, lE7.5 . _. pound-seconds per pound. 
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Figure L5. - Variation of chugglng frequency  with  rocket combustion- 
chaniber characteristic  length. Canibustion-chamber pressure, 
300 pounds per square inch  &solUte;  length of propellant  feed 
l ine,  4 feet;  cross-sectional area. of propellant  feed  line, 
0.2485 square inch; rocket engine thrust, 300 pounds; specific 
impulse, 187.5 pound-seconds per pound. 
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0 50 100 1Mx) 10, a:*).:' 
Rocket  mmjustlon-chamber  pressure, l>/aq in. ajaolute 

Fliure 16. - Varlatlon of combustion time delay w t t h  rocket canbustlon-c:lambcr pressure. Rocket 

Peed line, 0.2485 square inch3 m c k c t  engFne LYrust, XI0 poundej s p e c i f i c  lslpulee, 1 Y7.5 pound-seconla 
chamber characteristic  length, 1M) inches ;   l ewth  of propellant reed l i ne ,  4 feet;  area of  propellant 

per pound. 
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Pigu.re 17.  - Variation of chugging frequency with rocket combustion-chamber pressure. Rookt  
chamber characteristic  length, 100 Inches; length o f  grogellant  feed  llne, 4 feet; area of  propellant 

per pound. 
feed llne, 0.2485 square Inch; roaket  engine thrust, 300 pun&; apecific Impulse, 187.5 pound-seconds 
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Length of propellant  feed  line, f ' t  

Figure 18. - Variation of combustion t i n e  delay with 
length of propellant  feed line. Rocket chaafber 
characterist ic length, 100 inches j com3ustion-chmfber 
pressure, 300 pounds per  squme  inch  absolute;  area 
of propellant feed l ine ,  0.2485 square  inch;  rocket 
engine thrust ,  300 pomds; specific impulse, 
187.5 pound-seconds per pound. 
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Length of propellant feed line, f 't  

Figure 19. - Variation of chugging  frequency with 
length of propellant feed line. Rocket chamber 
characterist ic  length,  100 inches;  codhation- 
chaniber pressure, 300 pounds per  square  inch 
absolute; arez of propellant  feed line, 0.2485 square 
inch;  rocket engine thrust, 300 pounds; specif ic  
impulse, 187.5 pounfi-seconds per pound. 



50 (1 NA.CA RM E51Gll 

Figure 20. - Vaziation of combustion time delay with propellant 
line area. Rocket  chamber  characteristic length, 100 inches; 
combustion-chanfber  pressure, 300 pounds per square inch absolute; 
length of' propellant feed line, 4 feet; rocket engine thrust, 
300 poundsj specific  impulse, 187.5 pound-seconds per pound. 
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Figure 21. - Varlation 07 chugging frequency with propell& line 
area. Rocket chamber characterist ic length, 100 inches; 
conibustion-chamber pressure, 300 pounds per  square inch absolute; 
length of propellant  feed  line, 4 feet;  rocket  engine thrust, 
300 POUnaSj specific impulse, 187.5 pound-seconds per pound. 
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